Smoking is common in China, where the population is aging rapidly. This study evaluated the relationship between smoking and frailty and their joint association with health and survival in older Chinese men and women.
T OBACCO use is the leading cause of preventable death in most developed countries and is increasingly so in developing countries (1) (2) (3) . In the year 2000, the adverse health impacts of smoking contributed to about 5 million premature deaths (4) . At the current rate, deaths attributable to smoking could reach 800 million worldwide by 2030, 70% of which would occur in developing countries (5) (6) (7) . As the world's largest tobacco producer and consumer, China suffers a substantial proportion of the global burden of smoking-related diseases (8) (9) (10) , with more than 300 million smokers and another 540 million people at risk from second-hand smoke (8) . In China, both the prevalence of smoking and the population attributable risk of death are higher in men, with cigarette smoking accounting for 12.9% of deaths among men and 3.1% of deaths among women (11) .
In the West, smoking has been linked to frailty (12) . Frailty in Western populations has been studied as accumulated deficits in older adults (13) (14) (15) (16) (17) (18) (19) (20) (21) , as has also been done in China (22) (23) (24) (25) , including in other reports from the Beijing Longitudinal Study of Aging (26, 27) . To date, the association between smoking, frailty, and survival has not been explored in the Chinese population. Instead, Chinese studies on health and mortality typically include smoking as a covariate to adjust for its effects on other medical conditions and/or risks (28) (29) (30) .
Given that smoking powerfully impacts health, it is also a useful probe for investigating frailty. In an earlier report from Canada, which studied frailty as the accumulation of deficits, older adults who smoked accumulated more deficits than did nonsmokers (12) . In general, across the lifespan, women accumulate deficits at a higher rate than men but tolerate them better (13) . Our objectives therefore were to evaluate, in a representative cohort study of older Chinese adults, how smoking influenced deficit accumulation, how this was related to mortality, and whether these relationships varied by sex.
Methods

Study Population and Data Collection
The Beijing Longitudinal Study of Aging is a prospective cohort study of 3,257 community-dwelling Chinese middle-aged adults (55 years and older) whose geographic distribution, economic status, age, and education represent the older population of Beijing, as obtained from the Fourth National Census Data. As described elsewhere (31, 32) , the cohort was assembled in 1992; among those eligible, 3,257 agreed to participate in the survey (response rate 91.2%) and were followed-up with five times until 2007 (Appendix 1). The study included an interview covering demographic characteristics, socioeconomic status, activities of daily living, lifestyle, physical health, psychological and self-rated health, medical conditions, cognitive status, and the use of health care services. Trained interviewers, mostly nurses or physicians, administered a standard questionnaire at the respondent's home; where available, medical records were used to verify the presence of disease. Depressive symptoms were evaluated using the Center for Epidemiologic Studies Depression Scale (CES-D), and cognitive function was assessed using the Mini-Mental State Examination (MMSE) (33) . Analyses in relation to smoking were based on self-reporting. Smokers included people who reported smoking either at the time of study (n = 951; 64% of all smokers) or had smoked in the past (n = 534; 36% of all smokers). Nonsmokers were those respondents who claimed to never have smoked.
Construction of the Frailty Index
A frailty index (FI) was constructed using the baseline survey data (1992) for each participant (n = 3,257). In addition, to evaluate health changes, the FI was calculated at the 15-year follow-up (2007); for those who died or were missing, data from an earlier survey (eg, 2000) were used, applying the last observation carry-forward method.
The construction of the FI followed a standard procedure (34), as described in our earlier reports (26, 27) . Specifically, each variable used in the FI satisfied the criteria of being associated with health status, accumulating with age, not saturating (ie, not becoming fully prevalent at a young age), and having >1% prevalence and <5% missing (34) . As a result, 28 variables were included, containing diseases, symptoms, basic and Instrumental Activities of Daily Living (ADL and IADL) disabilities, leisure activities, the MMSE total score, and the CES-D score ( Table 1) . Eleven of these variables were binary, the other 15 had three levels each, and the MMSE and the CES-D total scores contained multiple points. Here, respiratory health deficits (eg, chronic tracheitis and cough) were excluded from the FI, as they were directly related to smoking. To evaluate the sensitivity of the results in relation to how the FI was calculated, the FI was also constructed by excluding three more variables (eg, hypertension, cardiovascular disease, and cerebrovascular disease) that were known to be associated with smoking, and the results of this 25-item FI were compared with those of the 28-item FI.
For each binary variable, "0" was used to indicate the absence of the deficit and "1" to indicate its presence. For each three-level variable, 0.5 represented the intermediate status. For example, the variable, "Need help getting on and off bed," "yes" was coded as 1, "sometimes" as 0.5, and "no" as 0. The MMSE was coded as 0 (MMSE > 23), 0.5 (MMSE = 14-23) and 1 (MMSE ≤ 14), while the CES-D was coded as 0 (CES-D < 16) and 1 (CES-D ≥ 16) (26) . Next, all the variables were summed and divided by 28 (the total number of deficits considered). This yielded a FI ranging from a theoretical minimum of 0 (no deficits present) to a possible maximum of 1.0 (all deficits present), with higher FI values representing a greater level of frailty, and thus worse health and greater vulnerability to adverse outcomes. For individuals in whom a given variable was missing, the FI was calculated based on the items present; variables with missing values were excluded from both the numerator and the denominator. In this study, the maximum number of missing values in any individual FI was never greater than 1.
Mortality Ascertainment
Survival status was determined through interviews with surviving household members. When surviving household members were not available, neighbors were contacted. Death certificates and/or local police register records were obtained for a subset of participants who had died. Vital status was known for 92.1% of participants, with censoring for days including date of death or drop-out. The baseline characteristics of the 7.9% (n = 258) subjects with missing survival information were not significantly different from the rest of the sample; their data were excluded from survival-related analysis only. Survival duration was assessed as month-to-death from the baseline interview.
Statistical Analyses
Sample characteristics were described using means and standard deviations (for interval data) and percentages for categorical data; differences were tested using independent sample t test and χ 2 , respectively. Comparisons of change in health status between baseline (1992) and follow-up (2007) and between smokers and nonsmokers were performed using analysis of variance with repeated measurement. Survival was evaluated using Cox proportional survival probability curves (censoring for nonresponders) stratified for smoking and nonsmoking status in both sexes (ie, four groups).
A Cox proportional hazard model was used to evaluate the associations between smoking, FI (conventionally grouped by tertiles of comparable sample sizes as FI < 0.08, 0.08 ≤ FI < 0.15, FI ≥ 0.15), and sex on 15-year mortality, adjusting for prespecified covariates, which included the baseline age (years), level of education (any vs 0 years), marital status (currently married vs all other conditions), alcohol consumption (<3 vs ≥3 times weekly), and leisure activities (≥2 vs <2 times weekly of any kind of leisure activities). Multivariable linear regression analysis was used to examine the relationship between smoking and the FI separately in men and women, adjusting for the covariates. All data analyses were performed using SPSS version 15.0
and Matlab version v2007 with p < .05 considered to be statistically significant.
Results
Characteristics of the Study Population
Of the 3,257 older adult participants, 1,485 were smokers and 1,772 were nonsmokers (Table 2 ). Most men (66.8%) reported smoking, compared with 25.3% of women (χ 2 = 546.83; p < .001). Male smokers tended to be younger and consume alcohol, compared with male nonsmokers, whereas women smokers were more likely to be older, unmarried, and to consume alcohol, compared with women nonsmokers. Women, especially those who smoked, tended to be less educated. A significant fraction of women had a lower MMSE (ie, <23) regardless of smoking status (Table 2) , consistent with high illiteracy. Male smokers had higher CES-D scores than male nonsmokers. In both Note: Numbers are presented in the columns percentage (%) for three-level variables; presence of a variable means value > 0. Comparisons were made between smokers and nonsmokers within the same sex; *p < .05; ** p < .01. men and women, a higher proportion of smokers than nonsmokers did not talk with their neighbors. Otherwise, few individual deficits were more common in smokers than in nonsmokers (Tables 1 and 2) .
Smoking Status and Risk of Mortality
By 2007, 1,651 participants (51%) had died. Smokers had a higher death rate than nonsmokers; this was true for both men (55.2% vs 49.0%) and women (53.6% vs 45.9%). Likewise, smokers had a lower cumulative survival probability than did nonsmokers ( Figure 1) ; male smokers had the lowest probability of survival over 15 years, while female nonsmokers lived the longest (p < .001). The survival probability of female smokers was comparable to that of male nonsmokers, a result that persisted even when adjusted for age, education, and the FI (p = .748).
Frailty, Smoking, and Risk of Mortality
Adjusted for age and education level, the survival probability decreased as the FI increased for both men ( Figure 2A ) and women ( Figure 2B ). In women, at all FI levels, smokers survived less than nonsmokers ( Figure 2B ). Up to FI = 0.15, men who smoked demonstrated worse survival than their nonsmoking counterparts (p < .01). After FI > 0.15, however, no survival difference was observed between male smokers and nonsmokers at FI ≥ 0.15 (p =.552); both showed the lowest level of survival (Figure 2A) .
A multivariable Cox regression estimating survival probability by sex and smoking status (Table 3) showed that being a smoker with advanced age, low education, not currently married, and having a high level of FI significantly increased the risk of death (p < .001). Compared with nonsmokers, men who smoked had a 1.2-fold increase in the risk of death (HR = 1.22, 95% CI: 1.04, 1.42); female smokers had a 1.3-fold increase (HR = 1.34, 95% CI: 1.14, 1.55).
Smoking Status and Frailty
Over the 15-year follow-up, the FI increased by 34.4% on average. The increase was higher in men who smoked (36.7%; FI = 0.12 ± 0.10 at baseline, FI = 0.17 ± 0.13 at follow-up) than in women who smoked (31.3%; FI = 0.14 ± 0.11 at baseline, FI = 0.18 ± 0.15 at followup). Excluding the three variables that can potentially be associated with smoking, the 25-item FI showed the same findings. In a multivariable model, baseline FI, age, and education level, all significantly affected follow-up FI in both sexes (p < .01; Table 4 ). In men, smoking status significantly contributed to the increase in the FI, as male smokers were frailer than male nonsmokers (FI = 0.17 ± 0.13 vs FI = 0.13 ± 0.10, p = .026; Table 4), whereas the FI scores of women who survived the 15-year follow-up did not differ by smoking status (p = .529).
Discussion
This study investigated the association between smoking, health, and mortality in older Chinese men and women, using a representative cohort with a 15-year follow-up. Health status was evaluated using an FI index based on deficit accumulation. Almost two-thirds of men reported smoking, compared with only one-quarter of women. As expected, smokers demonstrated higher mortality than nonsmokers. Of note, we showed that although women accumulated more deficits than men-a consistent finding in analyses of this type (13)-women who smoked on average survived the same as men at any level of the FI. In other words, although in general, women accumulate more deficits but tolerate them better than men do, here, across all levels of fitness and frailty, women who smoked lost that advantage and so exhibited the same frailty-mortality profile as male nonsmokers.
Our data must be interpreted with caution. We operationalized both smoking status and most of the variables for the FI from self-reported data. Even though many publications in this area have been based on self-reported data with validated results (11, 22, 23, 25) , such data are generally considered to be less accurate than clinical evaluations. In addition, regarding health changes over 15 years, a fraction of participants (797) missed the 15-year follow-up, so they were assessed using data from earlier follow-ups. Although including these data resulted in the same gender relations in health changes, caution in interpretation is required, as the effect of smoking on health outcomes could be biased if people who quit smoking and nonsmokers experienced different health changes after quitting the study. Moreover, complete information regarding smoking duration and intensity was not available; this likely underreports heterogeneity in those who had quit smoking. Note, however, that most people who had quit still had significant exposure: 78% had smoked for more than 30 years and 28% had smoked for more than 50 years. Moreover, in China, most smokers do not quit; those who quit do so because of chronic disease (11) . That seems to be the case here: 64% of smokers were current smokers, with comparable hazard ratios for death between the two groups (HR = 1.25 for current smokers vs HR = 1.31 for ex-smokers). Finally, we used baseline characteristics to assess smoking status and several other lifestyle variables, even though such variables can change over time. For future work, more detailed time-series analyses with multiple survey data can help test the relationships of the outcome with the dynamic changes in these variables. Even so, other analyses suggest that among older adults, baseline health status exerts powerful effects over long follow-up periods (35) . The present data add to what is known about the epidemic of smoking in China. The higher prevalence of smoking in Chinese men is consistent with what has been reported by others (36) , as is the higher death rate in smokers (12, 36) and the leading causes of death (4, 11) . What is novel and potentially of interest from a mechanistic standpoint is that smoking gave women a frailty profile comparable to that of men-they could no longer resist deficits in the same way, so at all levels of the FI they had a higher mortality than female nonsmokers, at levels equivalent to those experienced by men who never smoked. Further examination of the causes of death showed that cardiovascular disease was the leading cause of smoking-attributable deaths in men (35.9%), whereas respiratory disease was the leading cause of such deaths in women (53.7%). These data provide further evidence that smoking can lead to serious health problems in the older Chinese people. In addition, smoking seems to affect socialization. Curiously, smokers socialized less than nonsmokers. Whether smoking is related to increased social vulnerability is an interesting question that deserves further investigation.
So far, few studies have investigated the effect of smoking on frailty at older ages (28) (29) (30) . Earlier analysis of the Canadian Study of Health and Aging data has suggested that older male heavy smokers (>20 pack year) are the frailest group, while female heavy smokers showed a higher mean FI value than nonsmokers if they were under 80 years (12) . Of note too, the study demonstrated that older women (aged more than 75 years) who were heavy smokers also had a similar survival probability to males who had never smoked (12) .
From a mechanistic standpoint, smoking can aggravate the manifestations of frailty in many ways (37) (38) (39) . For example, elevated levels of C-reactive protein, interleukin-6, and tumor necrosis factor-alpha may result in reduced muscular mass and strength and other reduced physical capacities. Indeed, research has shown adult smokers had higher levels of potentially harmful biomarkers than nonsmokers, including WBC count, C-reactive protein, interleukin-6, and tumor necrosis factor-alpha (40) . Cigarette smoking as an important risk factor for plaque and atherosclerosis, a chronic inflammatory disease common in older adults, has also been documented (41) . In addition, increases in triglyceride levels and decreases in high-density lipoprotein cholesterol levels caused by smoking may explain in part the atherogenic change of blood vessels (42) . Recent studies have also indicated that smoking can impact physical performance in older women by affecting muscle strength and/or vascular function (42) . There is considerable evidence suggesting that changes in inflammatory, immunological, and cardiovascular function can be observed after the first decade or less of smoking (43, 44) ; further exploration of sex differences in these effects is of interest. In this regard, several recent studies include enough information to construct an FI and include data on inflammatory and other relevant biomarkers (45) (46) (47) (48) , so that such analyses could feasibly be undertaken.
Reanalysis with and without nonrespiratory variables that could be related to smoking (hypertension, cardiovascular disease, and cerebrovascular disease) showed no difference in the FI hazards between smokers and nonsmokers in either sex. For instance, although men who smoked were frailer than male nonsmokers, especially at follow-up (FI = 0.18 ± 0.16 vs FI = 0.14 ± 0.10; p = .038), no such difference was seen in women (FI = 0.20 ± 0.18 vs 0.19 ± 0.15; p > .05). It is not clear why this is so, but it might reflect the exposure of women to second-hand smoking, which in China appears to be more prevalent in women (55%) than in men (47%) among nonsmokers (45) .
In conclusion, our study suggests that smoking was highly associated with the risk of death and worsening of health status reflected by greater frailty and the loss of the female survival advantage in relation to deficit accumulation. These findings demonstrate the urgent need for improved smoking prevention and control in China, especially as the population ages. 
